
Flexible Antenna with Microfluidics for the
Quantification of Liquid Micro-Volumes

Giulio Maria Bianco∗, Gaetano Marrocco‡,
∗Pervasive Electromagnetics Lab, University of Rome Tor Vergata, Rome, Italy, giulio.maria.bianco@uniroma2.it
‡Pervasive Electromagnetics Lab, University of Rome Tor Vergata, Rome, Italy, gaetano.marrocco@uniroma2.it

Abstract—Microfluidics has been a significant technology for
over a decade, particularly in medical and wearable devices.
It allows for the manipulation of small amounts of fluid in a
confined space and can synergize with auto-tuning microchips
that are able to modify their internal capacitance to maximize
power delivery to the antenna. Hence, the first prototype of
an auto-tuning RFID sensor exploiting a microfluidic channel
is designed, manufactured, and tested in this contribution. A
small liquid volume of 1050 µL is successfully monitored by the
auto-tuning sensor in a continuous way when using 155-µm- and
775-µm-thick microfluidic. The investigated technology could be
used to monitor sweating in pathological conditions according to
the point-of-care paradigm or estimate food degradation through
smart packaging.

Index Terms—Antenna design, auto-tuning, microfluidic, ra-
diofrequency identification, wireless sensing.

I. INTRODUCTION

Microfluidic has been standing as one of the most impactful
enable technologies for more than a decade, mostly thanks
to the advancements of medical and wearable devices [1].
Microfluidics channels allow for manipulating a small amount
of fluid in a confined space, the scale typically of a few
to hundreds of microliters, and they can be integrated into
small devices for performing even complex in-loco sens-
ing [2], usually through electrochemical sensors [3]. The
adoption of microfluidics involved wireless devices in three
main research paths: i) the development of antennas made of
liquid metal, usually exploiting microfluidics to achieve spatial
reconfigurability [4], [5], [6], ii) use of microfluidics to collect
sensory data, eventually by chemical reactions [7], [8], [1],
and iii) exploiting microfluidics to produce variations in the
antenna’s properties for sensing scopes [9], [10], [11].

Concerning liquid and humidity sensing, remote monitoring
based on variations of antennas’ properties has been exten-
sively investigated in recent years as well, especially by means
of RFID (radiofrequency identification) technologies. Several
chipped [12], [13] and chipless [14], [15] solutions showed
promising sensitivity but suffered from a significant reduction
in antenna gain and, hence, reading distances. A peculiar
kind of self-tuning RFID ICs (integrated circuits) has then
been proposed to complete sensing without sacrificing the
reading distances excessively [16]; indeed, such microchips
can compensate for limited impedance mismatches and return
a digital metric proportional to the retuning effort.

Accurate, low-cost sensors for quantifying liquid volumes
in the order of microliters could be obtained by combining

(a) Exploded view of the sensor layout, including
RFID and microfluidic channel. The Γ-match is
highlighted.

(b) View from the above of the flexible sensor. The
channel constituting the sensitive part of the sensor
is highlighted.

Fig. 1. Exploded and above views of the sensor layout.

the microfluidics channels with auto-tuning ICs. Filter paper
(or any other kind of microfluidics) can be shaped to carry
the liquid onto the sensitive portion of the antenna, where the
microchip can quantify the amount of liquid. The microfluidic-
antenna interaction can be engineered and analyzed through
electromagnetic simulations.

The first auto-tuning RFID sensor for quantifying liquids
through a paper-based microfluidic channel is here designed,
prototyped, and tested. For the present proof-of-concept, a
simple, straight microfluidic channel is manufactured and
employed according to the sensor layout depicted in Fig. 1.

II. BACKGROUND ON AUTO-TUNING ICS

Auto-tuning microchips modify their internal capacitance
to compensate for eventual impedance mismatches with the
antenna and maximize the power delivered by the harvesting
antenna to the IC itself [16]. Thanks to the auto-tuning, it is
possible to obtain capacitive sensing without employing any
capacitor in fabrication. By assuming a constant incremental

978-88-31299-09-1/24/$31.00 ©2024 IEEE 2299



(a) Considered
dipole layout.

(b) Contour chart of the power transmission
coefficient with highlighted best geometry.

Fig. 2. Γ-match antenna design. The IC was accounted for by a 1-mm-wide
gap.

Fig. 3. Simulated τ in the absence (unloaded) and presence (loaded) of water.

step Cs and denoting the baseline capacitance C0, they are
modelled as a conductance in parallel to the variable capaci-
tance CIC (s)

CIC (s) = C0 + sCs, (1)

where s is named sensor code (SC). The self-tuning equation
determines the actual value of CIC based on the frequency
pulse ω and the antenna susceptance BA

|ωCIC (s) +BA| = 0. (2)

Equation (2) is fully valid for a microchip-dependent SC range
Smin ≤ s ≤ Smax. Accordingly, if the antenna susceptance is
a function of a measurand Ψ (here the amount of liquid), the
SC can be exploited for sensing by inverting (2) [17]:

s (Ψ) = nint
{
− 1

Cs

[
CIC (Smin) +

BA (Ψ)

ω

]}
. (3)

where nint is the nearest integer operator. Due to the auto-
tuning, the power transmission coefficient τ has to be evalu-
ated in separate ways depending on the susceptance seen by
the microchip as detailed in [17].

III. SENSOR LAYOUT AND DESIGN

The sensor layout is composed of a flexible RFID antenna
and a paper-based microfluidics. The selected RFID antenna

(a) Sensor pro-
totype.

(b) Comparison between measured and simu-
lated realized gain.

Fig. 4. Manufactured sensor prototype and its electromagnetic characteriza-
tion.

Fig. 5. Setup utilized from the sensor code measurements.

layout is a Γ-match [18] dipole made by a 1-mm-wide and
35-µm-thick copper trace fixed onto a 125-µm-thick layer of
Kapton (electrical characteristics at 925 MHz: dielectric con-
stant ε = 3.5; loss tangent tanδ = 0.0026). The microfluidics
comprises a straight channel covering the impedance adapter
completely and two circular absorption and desorption pads.
The Kapton was chosen as the substrate since it is flexible and
easy to manufacture, whereas the Γ-match is an impedance
transformer layout already experimented for the auto-tuning
sensing [19]. The considered auto-tuning IC is the Magnus S3
by Axzon, having conductivity GIC = 0.482 mS and variable
capacitance in the range 1.9-2.9 pF. For the sake of simplicity,
water was used as the liquid to be monitored (numerically
modelled as a lossless dielectric having ε = 78).

The layout was optimized through parametric sweeps
using the CST Microwave Studio 2023 software (hardware
details follows: CPU: Intel Core i7 − 9700KF; processor
frequency: 3.60 GHz; RAM: 16 GB). Fig. 2a reports the
parametrized CAD of the sensor. Single-frequency simulations
were performed to cut down the simulation time to about
2 minutes per simulated layout. The IC was modelled
through a bidimensional port long 1 mm and its impedance,
including the auto-tuning mechanism, was accounted for in
postprocessing through MATLAB R2022b software.

Although both conductance and susceptance are functions
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(a) Measurements with single-layer microfluidics. (b) Measurements with five-layers microfluidics.

Fig. 6. SC measurements when microfluidics channels having different thicknesses are wet by three drops of water (350 µL).

of c and h, the length of the impedance adapter (c) dominates
the susceptance seen by the IC, whilst the dipole’s length (h)
governs the conductance by unbalancing the length of the
dipole’s arms. The power transmission coefficient τ was tuned
to match the highest capacitance (CIC = 2.9 pF) since, given
that the dipole works in resonance and the dielectric material
lowers the resonance frequency, the returned SC is expected
to lower with the water progression, as already experienced
in previous works [16]. The admittance matching chart in
Fig. 2b shows the parameters’ values considered hereafter that
guarantee unitary τ in the absence of water. The simulated τ
shows a degradation of about ∼ 3 dB at the working frequency
due to a downward frequency shift caused by the contacting
dielectric (Fig. 3).

IV. EXPERIMENTAL INVESTIGATION

A. Prototype Manufacturing

One dipole trace was manufactured using the milling ma-
chine 4MILL300 ATC (by Mipec [20]) and then transferred
via adhesive paper onto a Kapton film as in the numerical
simulations (Fig. 4a). The IC was soldered to the antenna,
and the microfluidic was manually cut from sheets of filter
paper Whatman grade 2 (by Zenpore [21]) whose thickness
is 155 µm. The filter paper was utilized given that it is
an effective and low-cost material for manufacturing simple
microfluidic channels [22]. The sensitive part of the sensor
is given by the ”sensitive channel”, which is the microfluidic
channel superimposed on the Γ-adapter to contact the antenna
and affect its admittance (see again the scheme of the sensor
in Fig. 1b). In order to test different microfluidic thicknesses,
multiple paper layers were placed one onto another, as detailed
in the next subsection. The filter paper was cut manually to
create the microfluidic circuit.

B. Measurements

Firstly, the electromagnetic performance in the absence of
liquid was tested. The realized gain was measured through a
Tagformance station (by Voyantic; linearly-polarized interro-
gation antenna AN-FF-WB; 55 cm of interrogation distance).

TABLE I
SENSING TEST OF THE MICROFLUIDIC RFID LABEL.

Single-layer Five layers
Liquid [µL] SC Poc SC Poc

0 498± 1 18± 2 475± 19 11± 8
350 324± 46 11± 6 264± 49 14± 8
700 147± 34 19± 6 62± 33 20± 6
1050 21± 20 20± 4 14± 12 23± 1

Low standard deviations over 5 consecutive measurements
and good agreement with simulations were observed, with
an upward frequency shift mainly caused by the simplified
modelling of the auto-tuning mechanism (Fig. 4b).

Afterwards, the sensing capability of the prototypes was
assessed through a USB Pro reader (internal antenna; by
ThingMagic) and custom software (from previous works [16])
for the retrieval of the SC and the power-on-chip (Poc), which
is a digital metric comprised in the range 0−32 proportional to
the power actually transferred by the RFID antenna to the IC.
The distance between the dipole and the prototype was fixed
to 15 cm (Fig. 5). The paper microfluidic was placed onto the
RFID tag properly, and two different thicknesses were tested
by using 1 and 5 layers to experimentally investigate how the
increased thickness can affect the antenna response [23]. Liq-
uid quantity was manually increased by using a micropipette
(M1000 by QWork) by incremental steps of about ∼ 350 µL.

Fig. 6 depicts the temporal tracks recorded during mea-
surements, including both the SC and the Poc. As expected,
when the liquid inserted in the absorption pad increases,
the SC lowers. The sensor exploits a broad range of SC
values ranging from the upper to lower saturation (from 500
to 10 units, approximatively) and achieves a sensitivity of
S ≃ ∆s/∆mgH2O = 490/1050 mg−1

H2O
= 0.46 mg−1

H2O
, i.e.,

about 1 SC unit every 2 mg of water. The Poc increased during
the experiments; although simulations predicted a lowering
τ (Fig. 3), the frequency shift between the simulated and
measured realized gain causes the maximum gain to be at a
higher frequency than predicted (Fig. 4b). Thus, the presence
of water causes a downward frequency shift and heightens the
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gain, explaining the observation.
Different microfluidics thicknesses were lastly tested. The

same quantity of water returned lower SC and higher Poc

values, and higher standard deviations when the microfluidic
channel was thicker (Table I). The higher dispersion of data
points is probably due to the imperfect positioning of the layers
and/or the thin air layers between the filter paper. The lower
SC and higher Poc suggest that the liquid stayed longer on
the sensing area when the microfluidic channel was thicker,
coherently with [23]. Overall, the liquid quantity was success-
fully digitalized and monitored by the auto-tuning sensor, even
though calibration is generally necessary to account for the
microfluidic thickness, eventually by numerical simulations.

V. CONCLUSION

In this contribution, the first flexible, auto-tuning RFID tag
for quantifying liquids by exploiting a microfluidic channel
was designed, prototyped, and experimentally tested. The
antenna geometry is a Γ-match returning maximum power
transfer coefficient, and up to 1050-µL were continuously
monitored by the sensor using low-cost paper-based microflu-
idic with two different thicknesses. The sensitivity of the tested
layout is about 1 SC unit every 2 mg of water.

Several applications would then benefit from such sensors,
for instance, in the fields of medical points-of-care (PoCs) [24]
and food quality monitoring. Such an RFID could monitor
sweating in pathological conditions like hyperidrosis [25], or
it could be integrated into smart packaging to estimate food
degradation thanks to the (eventually ”freeze-thaw”) ”drip
loss” [26], [27], [28] in order to minimize food waste.

The following open issues should be addressed in future
research. The effects of the microfluidic channel thickness
have not been accounted for during the antenna design, which
was performed in unloaded (i.e., without any liquid) condi-
tions. Moreover, the raw SC was employed to investigate the
sensor, while better accuracy is expected when processing data
properly. Then, the layout proposed here should be investi-
gated further to apply the antenna-microfluidic system to the
healthcare and food sectors as envisaged in the Introduction,
and a direct performance comparison in actual use scenarios
with the existing literature has to be completed.
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